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Abstract
The aim. The development of methodology for experimental and theoretical assessment of interaction forces between mag-
nets in an orthodontic apparatus, the test of corrosion resistance of protective oxide and nitride coatings deposited on Nd-Fe-B 
magnets surface.
Materials and methods. The Nd-Fe-B permanent magnets with saturation magnetization Ms≈1100 G and bilayer 
ZrN/ZrO2 coatings were used. To experimental measure of interaction forces between magnets the device was assembled on the base 
of analytical balance. The distance between the magnets was varied using non-magnetic plates. The ZrO2 and ZrN coatings have been 
analyzed for their corrosion properties in 0.9 % NaCl quasi-physiological solution.
Results. An original method was proposed for calculating of magnetic interaction forces for materials with high magnetic 
anisotropy, which has good agreement with experimental measurement of forces. The theoretical model takes into account the size 
of the magnets and the mutual influence of their opposite faces. An increase of corrosion resistance of magnetic materials can be 
provided by zirconium oxide or nitride compounds, which contribute to inhibition of electrochemical corrosion of Nd-Fe-B magnets.
Conclusions. A method for calculating of interaction forces between permanent magnets, which are used for correction of 
malocclusion in orthodontic, has been developed. The passivation of the Nd-Fe-B permanent magnets surface can be achieved by 
applying of bilayer ZrN/ZrO2 coating.
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1. Introduction
Anomalies in dentition structure require orthodontic treatment to achieve a higher aesthet-
ics and functionality. Correction of bite pathologies is carried out using bracket systems in most 
cases [1, 2]. This treatment is long and requires careful observance of oral hygiene. However, 
there is another way to correct orthodontic pathologies – the use of devices with magnets [3, 4]. 
Such devices have several advantages: mechanical transfer of force without friction; predictable 
magnitude of force; high stability of parameters of modern magnetic materials; easier tooth 
brushing due to a significant simplification of the device design [5]. In addition, the magnetic 
stimulation can significantly reduce the duration of orthodontic treatment [6, 7].
For the first time, magnets in dentistry began to be used more than 70 years ago [8, 9]. 
They were made of Al-Ni-Co or Pt-Co alloys and were used as fixing elements for partial and 
complete removable dentures [10]. Such magnets provided a low magnitude of magnetic interac-
tion force, which led to necessity of their size increase. Because of this, their use in orthodontics 
was difficult [11, 12].
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Currently, magnets containing rare earth metals are interesting, for example, Nd-Fe-B. 
Investigation of these magnets have shown the absence of any negative effect of magnetic field 
on the body [13, 14]. Such magnets demonstrate improved properties compared to their prede- 
cessors [15] and provide a significantly higher magnitude of magnetic forces. This allows to use of 
small magnets comparable to the dimensions of braces.
Permanent magnets in attractive or repulsive configurations have a continuous effect on 
each other [16]. Based on this, an accurate assessment of magnets interaction force is necessary 
both to prevent negative side effects at exposure of excessive forces, and to determine the initial 
position of magnets in relation to each other. But known calculation methods [17, 18] are lengthy 
and do not always provide the necessary calculations accuracy.
A significant drawback of magnetic materials is their low corrosion resistance, which leads 
to destruction of the magnet during electrochemical corrosion in an aggressive environment of the 
oral cavity [19]. The situation can be corrected by applying various types of protective coatings, 
leading to passivation of magnetic material surface. Such coatings can be oxide or nitride films on 
the base of valve materials [20, 21]. However, currently there is a lack of information on passivation 
methods of magnets surface used in orthodontic appliances, and the characteristics of the effective-
ness of protective coatings.
The aim of work was the development of methodology for experimental and theoretical 
assessment of the interaction forces between magnets in an orthodontic apparatus, as well as to 
test the corrosion resistance of protective oxide and nitride coatings deposited on the surface of 
Nd-Fe-B magnets.
2. Materials and methods
2. 1. Materials
We used Nd-Fe-B permanent magnets in the form of rectangular parallelepipeds with siz-
es of 4×2×4; 5×2×5 and 6×2×6 mm. Magnets manufactured by the company Polus-N (Kharkiv, 
Ukraine) which specializes in production of magnetic materials on the base of rare-earth alloys. 
Magnet saturation magnetization was Ms≈1100 G and maximum specific energy of magnets – 
Wmax=5.2×107 G·Oe. 
To increase corrosion resistance of magnets, the oxide and nitride protective coatings 
were applied to their surface. The ZrO2 and ZrN coatings on Nd-Fe-B magnets were deposited in 
Bulat-6 type device by condensing vacuum-arc plasma purified from macro-particulates using the 
curvilinear filter [20]. The magnets were fixed in the holder that squeezed its opposite sides with a 
small effort. Chemically pure zirconium (99.999) was used as a cathode material. The chamber was 
preliminary pumped out to a pressure of 6×10-5 Torr. 
At ZrO2 coating forming the pulsed negative bias of 1000 V with frequency 50 kHz was 
applied to the sample holder from the source. The rotation of the holder was turned on, vacuum 
arc was ignited (Id=115 A) and the four faces of the magnets were cleaned by zirconium ions in the 
pulsed mode: cleaning of 1.5 s and pause of 6 s; in total 15 cycles. Then the source was turned off, 
the chamber was filled with oxygen to a pressure of about 4×10–3 Torr and zirconium dioxide was 
deposited during 12 minutes. Then the vacuum chamber was opened, the magnets were installed in 
the other position and ZrO2 was deposited on uncoated faces for 7 minutes.
At ZrN coatings deposition the bias potential was applied to the substrate from RF genera-
tor, which produced oscillations impulses of 5 MHz frequency. Nitrogen 99.999 % purity was used 
as an active gas. The Zr buffer layer of 20 nm thickness was deposited before the nitride coatings to 
improve its adhesion. Deposition of ZrN carried out at pressure P=5×10-4 Pa during 25 min.
2. 2. Experimental procedures
Scheme of magnets mutual arrangement, which was used in the calculations and experimen-
tal measurements of attractive force, is shown in Fig. 1. The magnets were located at distance L 
from each other so that the vectors of their magnetizations were aligned with the easy magnetiza-
tion axis and provide maximum strength for their interaction.
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Fig. 1. The relative position of magnets at experimental measurement of their interaction strength 
and designations used in theoretical calculations.
According to experimental data, the force magnitude required for teeth body movement 
is in the range of 20–300 g [22]. Diagram of experimental plant to measure the interaction forces 
between magnets is shown in Fig. 2.
Fig. 2. Plant to experimental measure of interaction forces between magnets:  
1, 2 – magnets; 3 – scale; 4 – set of non-magnetic spacers.
The plant was assembled on the base of analytical balance and included two magnets, one of 
which (1) was attached to the balance arm and the other one (2) – to the balance base. When weights 
were placed in the scale (3) there was a force that separated the magnets from each other. The load 
magnitude when the upper magnet was torn off from the lower was taken as the force of their at-
traction. The measurement took into account the weight of the upper magnet. Each measurement 
was repeated at least 30 times for necessary statistics. The distance L between the magnets was 
varied using a set of flat non-magnetic plates (4) 1.4 mm thick. The plant ensured the accuracy of 
measurement ±2 g.
The ZrO2 and ZrN coatings have also been analyzed for their corrosion properties in 0.9 % 
NaCl quasi-physiological solution [21].
3. Results 
The determination of interaction forces between the magnets was carried out both theoreti-
cally and experimentally at various distances L between the magnets.
Theoretical calculations made it possible to determine the optimal minimum size of mag-
nets to achieve a given attractive force. The interaction force  between the magnets is defined as a 
gradient of their magnetostatic interaction energy W:
                                                           .= −∇

F W   (1)
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The energy density of interaction between the magnets is equal to [9]:
                                                      ( ),= − ×
 
W M H   (2)
where  

M  is the magnetic moment of the first magnet; 

H  is the scattering magnetic field created 
by the second magnet in the volume of the first magnet.
The calculation of the force  

F  from equations (1) and (2) is possible if the direction of mag-
netization  

M  and the scattering field strength  

H  at each point of the magnets are known. The 
solution to this complex variational problem is achieved only by numerical methods. However, the 
determination of an interaction force between magnets with very large field of uniaxial anisotropy 
kH  is significantly simplified. So, if the anisotropy field Hk>100 Oe, the magnetization vector  

M  
is parallel to the easy magnetization axis at all points of magnet. Such large anisotropy occurs in 
compounds of transition metals Fe, Co with some rare-earth elements, as well as in ordered alloys 
Fe-Pt, Co-Pt. The arising scattering fields sH  are small in comparison with the field kH  and 
therefore practically do not change the direction of magnetization and the magnetization is distrib-
uted almost uniformly over the volume of magnet. The sources of scattering fields are “magnetic 
charges” that arise on surfaces where div 

M ≠0. As a result, the calculation of interaction forces is 
reduced to solving the problems of electrostatics.
For magnets system in Fig. 1, “magnetic charges” with a density σ=±Ms – saturation magne-
tization of magnet material) arise on the faces of the parallelepiped which are parallel to the ХОУ 
plane. The density of energy and interaction forces will be respectively equal to:
                                                       ( ),= − ×
 
W M H   (3)
                     ( ( , , )) .
 ∂ ∂ ∂
= ∇ × = + +  ∂ ∂ ∂ 
   
Z Z Z
Z Z Z
H H HF M H x y z M i j k
x y z
  (4)
Since the magnet system used in the measurements, in equilibrium state 
0,∂ ∂= =∂ ∂
Z ZH H
x y
 
then
                                               ( , , ) .∂= = ∂
Z
Z Z
HF F x y z M
z
  (5)
Using equation (5), one can calculate the value of force for magnets of specific sizes. The 
component of scattering field Hz created by the upper face of lower magnet at the point of upper 
magnet with coordinates (u, v, z) is:
                                 (6) 
Hz component gradient of this field:
   
{ } { }
0,5 0,5 2
3 5
2 2 2 2 2 20,5 0,5 2 2
1 3 d d .
( ) ( ) ( ) ( )− −
  ∇ = −  − + − + − + − + 
∫ ∫b aZ S
b a
zH M x y
x u y v z x u y v z
          (7)
Substituting the equation for the gradient (7) into (5) we obtain for the force Fz component 
associated with charges on the upper face of lower magnet following equation:
{ }
0,5 0,5
3
2 2 20,5 0,5 2
d d .
( ) ( )
b a
Z S
b a
z x yH M
x u y v z− −
=
− + − +
∫ ∫
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In the general case, the interaction force of magnets will be less than the value calculated by 
formula (8) due to the influence of lower face of lower magnet. This face interacts with the upper 
magnet oppositely to the action of lower magnet upper face, since the opposite faces of magnet 
have a magnetization divergence of different signs. For large magnets (с>5 mm) in the direction 
of ОZ axis (Fig. 1) this factor can be neglected due to the fast attenuation of magnetic forces with 
distance. However, since it is advisable to use small magnets in orthodontics, which are compara-
ble in size to locks of bracket systems, this factor should be taken into account. The calculation of 
the second component for interaction force, taking into account the sign of “magnetic charges” of 
lower face, is carried out according to formula (8) with modified limits for the first integral. Thus, 
the final equation for interaction forces between magnets located according to the scheme (Fig. 1) 
will be as follows:
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Fig. 3 shows the calculated dependences of attractive forces for magnets of size 6×2×6 
mm both without and with taking into account the action of the lower face of lower magnet. As 
can be seen from the figure, both dependences practically coincide, therefore, the correction for 
calculations without taking into account the action of the lower face is insignificant in this case. 
If we reduce the size of the lower and upper magnets along OZ axis, this correction will begin to 
grow (Fig. 4), reaching 40 % at magnets thickness 2 mm and distance between magnets 2.8 mm.
Comparison of calculated and experimentally measured interaction force values of magnets 
of size 5×2×5 mm is shown in Fig. 5. The theoretical model adopted in the calculations gave a fairly 
accurate estimate of magnetic interaction forces (difference is not more than 10 %). Therefore, the 
proposed formulas allow in most cases to exclude the experimental assessment of the magnetic inter-
action forces and control it only periodically for estimate of main parameters of magnetic materials.
Analysis of jaw teeth sizes showed that the range of magnets that are promising for use 
in orthodontics could include three types of sizes 4×2×4; 5×2×5 and 6×2×6 mm. The calculated 
curves for each of these magnets types are shown in Fig. 6. The dotted line in the figure indicates 
the threshold distance between magnets, which provide beginning of teeth movement. As it can be 
seen, the range of distances for the most efficient use of Nd-Fe-B magnets is on average 2–7 mm.
Orthodontic treatment using Nd-Fe-B magnets in aggressive environment of oral cavity can 
cause their electrochemical corrosion, especially since the duration of such treatment is usually 
several months. To block of electrochemical corrosion processes the use of oxide or nitride coatings 
is proposed. Among coatings of these types the zirconium oxides and nitrides relatively high corro-
sion resistance [20, 21]. For example, zirconium oxide is widely used in dentistry for production of 
non-metal ceramic prostheses [21]. The results of corrosion tests of magnets in the initial state and 
after deposition protective coatings are presented in Fig. 7.
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Fig. 3. Comparison of calculated dependences of magnets interaction forces on  
distance between them both without (1) and with (2) taking into account the action of the lower face
Fig. 4. Dependence of correction magnitude on the distance between the faces of magnets along OZ axis
Fig. 5. Comparison of experimental (1) and theoretical (2) dependences of  
the interaction force between magnets 5×2×5 mm
Fig. 6. Calculated dependences of interaction force between magnets for use in orthodontics
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Fig. 7. Time dependence of the electrode potential of magnets in  
the initial state (1) and after deposition of oxide (2) or nitride (3) coatings
An uncoated magnet shows a rather low electrode potential (Fig. 7, curve 1), comparable 
with the potential of undoped iron-based alloys. In combination with other structural elements 
of the orthodontic apparatus (rings, crowns, guides), unprotected magnets will corrode and col-
lapse quickly enough in the patient’s mouth, which is unacceptable from both points of view: 
destruction of orthodontic apparatus and extraction of corrosion products that may cause toxic 
effect on the body.
Depositing of zirconium oxide with thickness up to 3 μm significantly changes the situation 
(Fig. 7, curve 2). The electrode potential of the oxide-coated magnet has shifted to the region of 
positive values, reaching the level of electrode potential of zirconium oxide bulk sample. Since the 
tests were carried out in electrolytic aqueous solution, due to electroosmotic processes it was possi-
ble to control the coating submicroporosity, which would be problematic to detect in the usual way. 
The stability of electrode potential over time indicates the continuity of the oxide coating not only 
on the magnet planes, but also on its corners and edges. It is important that the magnet size has not 
critically changed due to the small thickness of the coating.
A similar situation, but to a lesser extent, is observed when applying a nitride coating 
(Fig. 7, curve 3). However, a significant advantage of the nitride coating is its high cosmetic 
effect. It, in contrast to the black oxide coating, has a pale yellow color, which is more accept-
able for the patient. The less pronounced stability of the electrode potential of nitride coating, 
compared with the oxide one, may indicate a variation in its thickness and possible insignificant 
porosity. To achieve the maximum protective and cosmetic effect it is advisable to use bilayer 
coatings where the oxide layer provides high metal resistance against electrochemical corrosion 
and the nitride layer provides the magnet surface with a high cosmetic effect. Electrochemical 
tests showed that the electrode potential of such bilayer coating coincides in value with the oxide 
coating potential (Fig. 7, curve 2).
4. Discussion
The experimental data obtained in the work on determination of interaction forces between 
Nd-Fe-B magnets showed that modern materials science technologies make it possible to produce 
magnets of required size, comparable with the size of braces-locks, providing the necessary forces 
for various tooth movements for correcting of malocclusion. A universal method for calculating of 
permanent magnet interaction forces was proposed for the first time, determined by the shape and, 
consequently, the distribution of magnetic fields near the magnet surface. The calculating results of 
fields and interaction forces between the magnets indicate good agreement between the measured and 
calculated dependences (the difference is not more than 10 %). Until now [4, 18], the forces of magnetic 
interaction have been determined only experimentally, and theoretical calculations have not taken into 
account the effect of opposite magnets faces, acting in antiphase, and other factors of such interaction. 
Because of low corrosion resistance, it is necessary passivation of the Nd-Fe-B permanent 
magnets surface. It can be achieved by applying of bilayer ZrN/ZrO2 coating, where the oxide layer 
provides high resistance to electrochemical corrosion of metal alloy and the nitride layer provides 
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the magnet surface with a high cosmetic effect. In most literary sources [19, 21], including similar 
studies, the formation of an effective continuous protective coating was not confirmed. Moreover, 
in view of certain technological difficulties, it was proposed to completely abandon the vacuum 
coating, and place the magnets in a tantalum foil capsule using laser welding.
Study limitations. As limitations to the use of magnets in orthodontic appliances, it should 
be noted that the calculation procedure could be significantly more complicated when using mag-
nets have cylindrical or teardrop shape. In addition, the proposed technology for surface passiva-
tion is difficult to implement in the presence of holes in the magnet or the manufacture of complex 
magnets, when individual parts of the surface can be shaded at vacuum deposition of material, and 
the coating ceases to be continuous.
Prospects for further research. In the future, it is planned to develop a model that de-
scribes the interaction of several magnets mounted on a number of teeth of the dental arch.
Proposed method can be used to solve other problems of orthodontics, for example, to rotate 
teeth around its axis. In addition, theoretical calculations are especially necessary in cases where 
directly measure of interaction force for the orthodontic apparatus with magnets is impossible. 
5. Conclusions
A method for calculating of interaction forces between permanent magnets, which are used 
for correction of malocclusion in orthodontic, has been developed. The passivation of the Nd-Fe-B 
permanent magnets surface can be achieved by applying of bilayer ZrN/ZrO2 coating. 
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